The results of the first investigation of secondary metabolites occurring in intact and damaged fruiting bodies of the European mushrooms Lactarius aurantiacus, L. subdulcis, and Russula sanguinaria are reported. The pattern of sesquiterpenes in injured R. sanguinaria is dramatically different from that of Lactarius. The structure of the new furanolactarane 4, isolated from L. aurantiacus, was established on the basis of spectral data.
About 400 species of Lactarius [1] and 750 of Russula mushrooms [2] (Division Basidiomycota; order Russulales; family Russulaceae) are reported to grow worldwide in different woods, with which they form ecologically important ectomycorrhizae. The two genera share several morphological features, in particular some micromorphological characters related to the spore ornamentation and to the presence of specialized hyphae (cystidia). Nevertheless, they are easily distinguishable by a simple test. In fact, species belonging to the genus Lactarius exude a latex-like milk when they are bruised, which is produced in the lactiferous hyphal system, consisting of rather broad hyphae present in the whole basidiocarp. In striking contrast, this apparatus, present also in Russula fruiting bodies, has become inactive during the evolution of the species in this genus and hence no latex is produced. Depending on the species, the latex and/or the flesh of Russulaceae mushrooms may have a permanent mild taste or a taste changing from mild to acridbitter with time, thus providing important information about the taxonomy and edibility of each species. Different, often new, alkaloids, phenols, triterpenoids, and sterols have been isolated from Russulaceae; however, sesquiterpenes of different types are the most characteristic secondary metabolites [3,4a,4b] . Lactarius show a higher variety of sesquiterpenoid structures, although this finding may depend on the less number of Russula species investigated so far. In fact, with the notable exceptions of R. lepida and R. amarissima [5a] , producing aristolane and nardosinane sesquiterpenes, all the other Russula species investigated till now afforded only sesquiterpenes of the protoilludane-marasmanelactarane cascade [4b], which, actually, are the most common sequiterpenes isolated from Lactarius. Indeed, several studies have clearly shown that intact cells of most Russulaceae contain biologically inactive and tasteless fatty acid esters of one single sesquiterpene alcohol [3,4a,4b] . However, when tissues are damaged, these precursors are enzymatically transformed, in a time varying from seconds to hours, into a variety of "second generation" metabolites, which may be either tasteless or bitteracrid, depending on the species. It has been suggested that this rather intriguing biochemical machinery, giving rise to the characteristic patterns of sesquiterpenes in injured fruiting bodies [3,4a,4b] , constitutes different variants of a chemical defence system peculiar to each species, which protects the fruiting bodies of Russulaceae against parasites and predators [5b].
In continuation of our pluriannual investigation on the chemical constituents of wild European Russulaceae, herein we report our findings on sesquiterpenes isolated from Lactarius aurantiacus (Pers.: Fr.) S. F. Gray (syn. L. aurantiofulvus J. Blum ex Bon), L. subdulcis (Persoon: Fries) S. F. Gray, and Russula sanguinaria (Schumach.) Rauschert (= R. sanguinea (Bull.) Fr.). While no phytochemical data exist in the literature for the two Lactarius species, a paper has recently been published on R. sanguinaria collected in Japan [5c]. However, since notable differences have previously been noted for the contents of sesquiterpenes isolated from Russulaceae species collected in Europe and in Asia [4b], we considered it interesting to investigate a sample of R. sanguinaria collected in Italy. Moreover, no information is available on the content of sesquiterpenes occurring in intact fruiting bodies of R. sanguinaria.
All three species grow in northern Italy in late summer-autumn and are considered inedible. The two Lactarius exhibit a permanently whitish milky latex having, initially, a mild taste, slowly changing to slightly bitter and astringent on the tongue. Instead, the flesh of R. sanguinaria has a bitter-peppery taste and causes gastrointestinal disorders when eaten raw.
Sesquiterpenes in intact fruiting bodies:
A complete phytochemical investigation of any Russulaceae species requires the analysis of secondary metabolites occurring in intact as well as in damaged fruiting bodies since, as we have already stressed, dramatic differences in the metabolites exist between the two patterns. To this aim, extraction of a few or even one intact fruiting body gives enough material for compound identification by NMR. However, it is mandatory to exclude protic solvents for extraction, like EtOH or MeOH, that inevitably produce artefacts from original metabolites [4a,4b] . Indeed, the incautious use of these solvents by some authors, even in recent reports, seriously jeopardizes the NPC Natural Product Communications 2014 Vol. 9 No. 3 319 -322 subsequent results of phytochemical investigations on the contents of Lactarius and Russula fruiting bodies [4a,4b] . In our study, one intact specimen of each of the three species was separately soaked in CH 2 Cl 2 at RT. After about 10 min, the solution was removed by decantation, rapidly dried with Na 2 SO 4 , and evaporated to dryness in vacuo. The 1 H NMR spectra of the residues from the extracts of L. aurantiacus and L. subdulcis, nicely corresponded to 6-oxostearylvelutinal (lactarinic acid) (1) [6a] . TLC analysis revealed also the presence of about 10% stearylvelutinal (2) [6b] in the extract of L. aurantiacus. In striking contrast, the 1 H NMR spectrum of the residue obtained from the extraction of R. sanguinaria indicated the presence of stearate (2) [6b], accompanied by about 5% of the corresponding oleate and linoleate esters. 
Sesquiterpenes in damaged fruiting bodies:
To study the complex patterns of secondary metabolites enzymatically formed in injured fruiting bodies, undamaged specimens of the three species were separately finely ground at RT without adding any solvent, then left at RT in the air; subsequently, samples of the mush were extracted with CH 2 Cl 2 at different times after injury. When TLC analysis indicated the end of the complex cascade of reactions occurring in injured fruiting bodies of each species, the entire biomass was extracted with CH 2 Cl 2 . After evaporation, the brown oily residue was dissolved in MeCN and the solution was extracted with nhexane. TLC analysis of the residue obtained by evaporation of the layers indicated the presence of different compounds detected as intensely colored red-blue-green spots stained with the sulfovanillin reagent. They were fractioned by multiple chromatographic separations on silica gel and RP-18 columns, including semipreparative HPLC. The extracts of L. aurantiacus and L. subdulcis gave the known furanolactarane sesquiterpenes furandiol (5) [4a,7] , furantriol (6) [4a,8] ion at m/z 248 in the EIMS spectrum and by the counting of hydrogen and carbon atoms in the NMR spectra. The presence of a 3,4-disubstituted furan ring in 4 was supported by its 1 H and 13 C NMR spectra exhibiting proton absorption at δ 7.18 (br s, 1H, H-5) and δ 7.45 (br s, 1H, H-13), and four signals of sp 2 carbons at δ 140.7 (CH, C-13), 138.3 (CH, C-5), 120.5 and 129.2 (2C, C-6 and C-7). Two additional quaternary sp 2 carbons appeared at δ 128.1 (C-3) and 135.5 (C-2), which were attributed to an isolated tetrasubstituted olefin. The presence of a secondary carbinol group next to the furan ring was proved by the proton signal at δ 4.45 (br d, J = 10.0 Hz, 1H, H-8), which was correlated to a carbon resonating at δ 71.0 (CH, C-8) in the HSQC spectrum, while a CH 2 OH group bonded to a quaternary sp 3 carbon was indicated by an AB system collapsed to a broad singlet at δ 3.56, integrating for 2H, which were correlated to the carbon at δ 71.90 (CH 2 , C-14) in the HSQC spectrum. The remaining signals in the 1 H NMR spectrum (Table 1) All these data were consistent with the furanolactarane skeleton [9f], in which one of the two geminal methyl groups at C-11 was oxidized to a primary alcohol. Eventually, the entire tricyclic structure of compound 4 was firmly reconstructed as shown in the formula (Fig. 1 ) on the basis of the COSY (Fig. 2a ) and HMBC correlations (Fig. 2b) . Moreover, the spectroscopic data of 4 were in close agreement with those reported for furanol 3 [9f], except for the signals of one of the geminal methyls attached to C-11 in 3, which were replaced by those of a CH 2 OH group in 4. The large 3 J coupling constant of 10.0 Hz exhibited by H-8 with H-9 indicated a trans relationship between these protons, whereas the stereochemistry of the CH 2 OH group was proved by NOESY experiments (Fig. 2c) . The observation of the cross peaks between H-8, H ß -10 and H 2 -14 ( Fig. 2c ) indicated a syn relationship between these protons and thus the attachment of the primary hydroxyl group to C-14. This assignment was confirmed by the cross peaks observed between the protons oriented on the opposite (α) side of the molecule, i.e. between H-9, H α -10 and H 3 -15. In conclusion, compound 4 was assigned the structure of 14-hydroxyfuranol ( Fig.  1) , including the indicated absolute stereochemistry, on the basis of biosynthetic considerations.
The gross structure of compound 11 was similar to a lactone, isolated for the first time from European specimens of Lactarius torminosus [9g], though the stereochemistry was undetermined. NOESY correlations (Fig. 3) firmly indicated the stereochemistry of sanguisulactone A for lactone 11 [5c], which, according to the proposed numbering system of 5-lactaranolide sesquiterpenes [4a] , corresponds to 15-hydroxyblennin A (Figure 3 ) [10] .
Our findings confirm that there is no clear-cut chemical separation between most Russula and Lactarius species regarding the contents of sesquiterpene metabolites in undamaged fruiting bodies. In fact, they contain tasteless fatty acid esters, such as 1 and 2, of the marasmane sesquiterpene velutinal. However, 6-oxostearylvelutinal (lactarinic acid) seems to be produced only by species of the genus Lactarius [4a] , while this fatty acid is lacking in the genus Russula [4b]. Moreover, the pattern of sesquiterpenes formed upon injury to fruiting bodies of L. aurantiacus and L. subdulcis is dramatically different from that of R. sanguinaria. These differences very likely reflect the existence of different enzymatic systems at work, controlling different transformations of the pentacyclic velutinal skeleton. On the basis of the structures and stereochemical relationships between stereocentres, at least three different biogenetic pathways might be identified, one leading to the furan alcohols 3-6 through the intermediacy of carbocation 14, another affording blennin C (12) and lactarorufin A (7) via cation 15, and a third one delivering the remaining sesquiterpenes 8-11 and 13 via various rearrangements (Figure 4) . Furanolactaranes, such as 3-6, have long been regarded with some suspicion as true natural products [4a,b] , since velutinal esters 1 and 2 are chemically labile and are rapidly degraded in several reagent grade solvents used for extraction, including alcohols and acetone, or upon absorption on silica gel during chromatographic separations [11] . However, furans 3-6 have been isolated in this work under carefully controlled mild conditions, employing inert dichloromethane as extraction solvent and deactivated silica gel for chromatographic purifications. Therefore, we believe that they are formed in damaged fruiting bodies of L. aurantiacus and L. subdulcis by enzyme-controlled transformations of velutinal esters 1 and 2.
The content of lactaranolide sesquiterpenes found in European specimens of R. sanguinaria differs significantly from the pattern of sesquiterpenoids isolated from this mushroom collected in Japan [5c], which may suggest the existence of different intra-specific taxa. In fact, while blennins 9 and 11 were present in both types of mushrooms, sangusulactones B and C and 14-hydroxyblennin A were isolated only from the Japanese species [5c], while compounds 7, 8, 10, 12, and 13 have been found only in the European R. sanguinaria. The taste of lactarorufin A (7) and blennins 9-12 is significantly bitter, thus contributing to the unpleasant sensation developed on the tongue of an inexpert mushroom-hunter unaware of the rather peculiar chemistry of this group of fungi.
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the authors (M.C.). The fruiting bodies of R. sanguinaria (0.37 Kg) were collected in a maritime pine-forest near Cecina, Livorno Province, Italy, in September 2011. A voucher specimen (RSn-2011-01) was deposited in the laboratory of one of the authors (M.C.). The mushrooms were identified by one of the authors (M.C.), who is an expert mycologist.
Extraction and isolation:
For the isolation of velutinal esters 1 and 2 contained in undamaged fruiting bodies, 1-2 intact fruiting bodies of each of the 3 species were separately extracted with CH 2 Cl 2 , as outlined in a previous paragraph of this paper.
For the isolation of sesquiterpenes formed in damaged fruiting bodies, fresh fruiting bodies of L. subdulcis were finely minced and left in the air at room temperature for about 24 h. A TLC analysis showed the complete disappearance of ester 1. The entire biomass was then extracted with CH 2 Cl 2 for 2 h at room temperature. After drying over Na 2 SO 4 and evaporation of the solvent in vacuo, the residue (540 mg) was chromatographed on a flash silica gel column, previously deactivated by washing with n-hexane containing 5% Et 3 N. Elution of the sesquiterpene mixture with n-hexane containing increasing amount of EtOAc afforded 5 main fractions. Fraction 3 (55 mg) was separated on multiple preparative TLC plates eluted with n-hexane-EtOAc (1:1.5) to afford 5 (10 mg), 6 (20 mg) and 7 (11 mg) .
For the isolation of sesquiterpenes formed in damaged fruiting bodies of L. aurantiacus, an identical extraction procedure was followed except that esters 1 and 2 disappeared 1 h after damage to fruiting bodies, at which time the biomass was extracted with CH 2 Cl 2 . The residue (1.05 g) obtained by evaporation of the solvent was partitioned between n-hexane and MeCN. The residue (600 mg) from the apolar fraction contained mainly lipids, while sesquiterpenes were concentrated in the acetonitrile phase. This mixture was separated on multiple, previously deactivated, flash silica gel columns, eluted with different mixtures of n-hexane-EtOAc, to give furans 3 (5 mg), 5 (12 mg), 6 (25 mg) and lactone 7 (10 mg). Furanol 4 (4 mg) required final purification by semipreparative HPLC on column A [mobile phase, n-hexanepropan-2-ol (95:5); flow rate, 4.5 mL/min].
For the isolation of sesquiterpenes formed in damaged fruiting bodies of R. sanguinaria, these were extracted with CH 2 Cl 2 1 h after damage. The residue (525 mg) obtained by evaporation of the extract was chromatographed on a C-18 column, which was eluted with a gradient of MeCN in H 2 O, from 50:50 to 100% MeCN, to afford 17 main fractions. Fraction 1 (51 mg) was chromatographed again by means of HPLC on column B. Elution with a gradient of MeCN in H 2 O, from 80:20 to 100% MeCN, afforded 11 fractions. Fraction 7' (13 mg), 10' (9 mg), and 11' (7 mg) were constituted by 15-hydroxyblennin A (11), blennin D (10), and lactarorufin A (7), respectively. Separation of fraction 2 (23 mg) by HPLC on column C [mobile phase, MeCN gradient in H 2 O; flow rate, 1.5 mL/min] gave 2 mg of piperalol (13). Fractions 4 (24 mg), 5 (16 mg), and 8 (4 mg) were constituted by blennin A (9), blennin C (12), and vellerolactone (8), respectively. 
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